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Abstract 22 
In this study, the behavior of organic micro-pollutants (OMPs) transport including 23 
membrane fouling was assessed in fertilizer-drawn forward osmosis (FDFO) during 24 
treatment of the anaerobic membrane bioreactor (AnMBR) effluent. The flux decline was 25 
negligible when the FO membrane was oriented with active layer facing feed solution (AL-26 
FS) while severe flux decline was observed with active layer facing draw solution (AL-DS) 27 
with di-ammonium phosphate (DAP) fertilizer as DS due to struvite scaling inside the 28 
membrane support layer. DAP DS however exhibited the lowest OMPs forward flux or 29 
higher OMPs rejection rate compared to other two fertilizers (i.e., mono-ammonium 30 
phosphate (MAP) and KCl). MAP and KCl fertilizer DS had higher water fluxes that 31 
induced higher external concentration polarization (ECP) and enhanced OMPs flux through 32 
the FO membrane. Under the AL-DS mode of membrane orientation, OMPs transport was 33 
further increased with MAP and KCl as DS due to enhanced concentrative internal 34 
concentration polarization while with DAP the internal scaling enhanced mass transfer 35 
resistance thereby lowering OMPs flux. Physical or hydraulic cleaning could successfully 36 
recover water flux for FO membranes operated under the AL-FS mode but only partial flux 37 
recovery was observed for membranes operated under AL-DS mode because of internal 38 
scaling and fouling in the support layer. Osmotic backwashing could however significantly 39 
improve the cleaning efficiency.  40 
 41 
Keywords: Fertilizer-drawn forward osmosis, Fertigation, Anaerobic membrane bioreactor 42 
effluent, Organic micro-pollutants, Membrane fouling, Physical cleaning   43 
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1. Introduction 44 
Freshwater scarcity is getting severer due to the impacts of climate change, rapid 45 
population growth and extensive industrialization [1]. Furthermore, about 70% (global 46 
average) of the accessible freshwater is still consumed by the agricultural sector [2]. 47 
Particularly in water scarce regions, wastewater reuse in the agricultural sector can be very 48 
helpful in sustaining freshwater resources. Besides, treated wastewater can contribute an 49 
appreciable amount of necessary nutrients for plants [3]. Therefore, the use of reclaimed 50 
water for agricultural irrigation has been reported in at least 44 countries [4]. For example, 51 
30-43% of treated wastewater is used for agricultural and landscape irrigation in Tunisia [5]. 52 
However, wastewater reuse is often limited due to the presence of harmful heavy metals, 53 
industrial waste, pharmaceutical and personal care products (PPCPs), and excess salts. 54 
Organic micro-pollutants (OMPs), originating from PPCPs, herbicides and pesticides, and 55 
industry, could have potential harmful impacts on public health and the environment 56 
because of their bioaccumulation [6]. Therefore, OMPs should be effectively removed to 57 
enable reuse of wastewater for irrigation [7].  58 
Anaerobic membrane bioreactors (AnMBR) have been studied for wastewater 59 
treatment as the treatment scheme has several advantages, including complete rejection of 60 
suspended solids, low sludge production, high organic rejection and biogas production [8]. 61 
Recent studies on the efficiency of OMPs removal in the AnMBR process indicated that 62 
bio-transformation is the dominant OMPs removal mechanism [9] and there is a correlation 63 
between hydrophobicity, specific molecular features (i.e., electron withdrawing groups 64 
(EWGs) and electron donating groups (EDGs)) and OMPs removal efficiency [10]. 65 
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Especially, most readily biodegradable OMPs contain strong EDGs while most refractory 66 
OMPs contain strong EWGs or halogen substitute [11]. Besides, some OMPs can be 67 
captured by the fouling layer on the membrane surface thereby enhancing their removal 68 
efficiencies [12]. Even though OMPs can be biodegraded and removed by AnMBR, their 69 
removal rate isn’t sufficient for the wastewater reuse since some OMPs are rarely treated by 70 
AnMBR [10, 11]. 71 
For wastewater reuse advanced post-treatment processes (e.g., nanofiltration (NF), 72 
reverse osmosis (RO), forward osmosis (FO) or advanced oxidation) are often required to 73 
enhance the removal efficiency since most OMPs, even at very low concentration levels, 74 
may have a negative effect on the environment. Stand-alone NF can remove OMPs with 75 
their rejection rates from about 20% to almost 100% depending on their different 76 
characteristics (i.e., hydrophobicity and molecular shape) [13]. By combining AnMBR with 77 
NF, the OMPs removal efficiency can be improved up to 80 – 92% [11]. Furthermore, thin-78 
film composite polyamide RO membranes have a 57 – 91% rejection range for OMPs, 79 
which is lower than the salt rejection rate since OMPs are generally of low molecular size 80 
and are neutral compounds [14]. On the other hand, FO has a higher OMPs removal 81 
efficiency than RO since OMPs forward flux is likely hindered by the reverse solute flux 82 
(RSF) of the draw solute [15]. However, since FO utilizes highly concentrated DS as a 83 
driving force, additional desalting processes (e.g., NF, RO or membrane distillation) are 84 
required to extract pure water from DS [16].  85 
Recently, fertilizer-drawn forward osmosis (FDFO) has received increased attention 86 
since the diluted fertilizer solution can be utilized directly for irrigation purpose and thus a 87 
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separation and recovery process for the diluted DS is not required [17-19]. In the early 88 
studies, both single and blended fertilizers were investigated for direct application, however 89 
the diluted fertilizer solution still required substantial dilution as the final nutrient 90 
concentration exceed the standard nutrient requirements for irrigation, especially using feed 91 
water sources with high salinity [17, 18]. For high salinity feed water, a NF process can be 92 
employed as a post-treatment for further dilution thereby meeting the water quality 93 
requirements for fertigation [20].  A pilot-scale FDFO and NF hybrid system was recently 94 
evaluated for 6 months in the field [21]. However, the energy consumption of the NF 95 
process is still a challenge for such a FDFO-NF hybrid system. Pressure-assisted fertilizer-96 
drawn forward osmosis (PA-FDFO) is another suitable option for further enhancing final 97 
dilution of fertilizer DS beyond the point of osmotic equilibrium between DS and feed 98 
solution (FS) [22].  99 
FDFO is viewed to be more suitable for the treatment of low salinity impaired water 100 
sources so that a desired fertilizer dilution can be achieved without the need of a NF post-101 
treatment process. Recent reports have shown FDFO has been applied using commercial 102 
liquid fertilizers for the osmotic dilution of wastewater for fertigation of green walls [19, 103 
23]. For both wastewater reuse and irrigation purposes, a novel FDFO-AnMBR hybrid 104 
system for a greenhouse hydroponic application was proposed and reported in our earlier 105 
study [24]. Despite the recent efforts to develop and understand FDFO for wastewater 106 
treatment [25], OMPs removal in FDFO has not yet been investigated, in particular the 107 
impact of fertilizer properties, fertilizer concentration and FO membrane orientation. 108 
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Moreover, by combining FDFO with AnMBR, total OMPs removal rates can be 109 
significantly enhanced since FDFO can treat non-biodegradable OMPs from AnMBR.  110 
The main objective of this study is therefore to investigate the feasibility of FDFO 111 
for treatment of AnMBR effluents with a particular emphasis on OMPs removal and 112 
membrane fouling. Atenolol, atrazine, and caffeine were utilized as representatives of 113 
OMPs due to their low removal propensity in AnMBR. The study also looked at how 114 
membrane fouling may be affected during the treatment of AnMBR effluents by FDFO as a 115 
function of types of fertilizer DS used in relation to their concentrations and 116 
thermodynamic properties and membrane orientation. Finally, the effect of membrane 117 
fouling on OMPs transport was also investigated.  118 
 119 
2. Materials and methods 120 
2.1 FO membrane 121 
Cellulose triacetate (CTA) FO membranes embedded in a woven polyester mesh, 122 
provided by Hydration Technology Innovations, HTI (Albany, OR, USA), was used in this 123 
study. The detail characteristics of this commercial membrane can be found elsewhere [26, 124 
27]. 125 
2.2 Feed solution 126 
AnMBR effluent used for FDFO treatment was collected from a lab-scale AnMBR 127 
system. The lab-scale AnMBR system consisted of a commercial anaerobic stirred tank 128 
reactor (CSTR, Applikon Biotechnology, Netherland) with an effective volume of 2 L and 129 
a side-stream hollow-fiber polyvinylidene fluoride (PVDF) ultrafiltration (UF) membrane 130 
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with a nominal pore size of 30 nm [11, 28]. The recipe of synthetic wastewater with 131 
chemical oxygen demand (COD) of 800 mg/L used in this system can be found elsewhere 132 
[28]. The operational conditions of this system were as follows: temperature 35 ± 1 °C, pH 133 
7 ± 0.1, stirring speed 200 ± 2 rpm, MBR water flux of 3 L/m2/h and hydraulic retention 134 
time (HRT) of 24 h. For all the FDFO experiments in this study, AnMBR effluent was 135 
collected every day for 2 weeks, mixed together and stored in a refrigerator at 4 °C to 136 
obtain a homogeneous feed water composition throughout the study. Detail information of 137 
AnMBR effluent used as feed in this study is provided in Table 1.  138 
 139 
Table 1. Water quality of anaerobic membrane bioreactor effluent used in this study. The 140 
analysis was conducted repeatedly. 141 
Components Values Components Values 
COD (ppm) 57.15 (±9.12) K+ (ppm) 11.78 (±2.69) 
Conductivity 
(mS/cm) 
1.68 (±0.28) Na+ (ppm) 23.5 (±3.27) 
TP (ppm PO4-P) 32.19 (±2.97) Mg2+ (ppm) 3.95 (±0.57) 
TN (ppm N) 84.75 (±13.79) Cl- (ppm) 9.21 (±1.42) 
Turbidity 0.77 (±0.02) SO42- (ppm) 1.04 (±0.14) 
pH 8 (±0.13)   
 142 
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Three different OMPs (Atenolol, Atrazine and Caffeine), received in powder form 143 
from Sigma Aldrich (Saudi Arabia), were used as representative OMPs since they are 144 
generally found in wastewater but not readily removed in AnMBR [11]. Their key 145 
properties are provided in Table 2. Stock solution of 3 g/L (i.e., 1 g/L for each OMP) was 146 
prepared by dissolving total 3 mg of OMP compounds (i.e., 1 mg for each OMP) in 1 mL 147 
of pure methanol and the stock solution was then stored in a refrigerator at 4 °C prior to the 148 
experiments. 149 
 150 
Table 2. Physicochemical properties of OMPs used in this study 151 
 Atenolol Atrazine Caffeine 
Structure * 
   
Application Beta-blocker Herbicide Stimulant 
Formula C14H22N2O3 C8H14ClN5 C8H10N4O2 
Molecular weight 266.3 Da 215.7 Da 194.2 Da 
Charge [9] Positive Neutral Neutral 
pKa* 9.6 1.7 10.4 
Log Kow* 0.16 2.61 -0.07 
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* Data from ChemSpider website (http://www.chemspider.com). 152 
 153 
2.3 Draw solutions 154 
Three different chemical fertilizers of reagent grade were used in this study (Sigma 155 
Aldrich, Saudi Arabia) and they consisted of mono-ammonium phosphate (MAP), di-156 
ammonium phosphate (DAP) and potassium chloride (KCl). DS was prepared by 157 
dissolving fertilizers in deionized (DI) water. Detailed information of fertilizer chemicals is 158 
provided in Table S1. Osmotic pressure, diffusivity and viscosity of three fertilizers were 159 
obtained by OLI Stream Analyzer 3.2 (OLI System Inc., Morris Plains, NJ, USA). 160 
 161 
2.4 FDFO experiments 162 
2.4.1 Lab-scale FO system 163 
All FDFO experiments were carried out using a lab-scale FO system similar to the 164 
one described in our previous studies [26, 29]. The FO cell had two symmetric channels 165 
(i.e., 100 mm long, 20 mm wide and 3 mm deep) on both sides of the membrane each fed 166 
with FS and DS respectively. Variable speed gear pumps (Cole-Parmer, USA) were used to 167 
provide crossflows under co-current directions at a crossflow rate of 8.5 cm/s. Solution 168 
temperature was 20°C. Both solutions were recirculated in a closed-loop system resulting in 169 
a batch mode process operation. The DS tank was placed on a digital scale and the weight 170 
changes were recorded by a computer in real time every 3 mins interval to determine the 171 
water flux.  172 
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2.4.2 AnMBR effluent treatment by FDFO 173 
FDFO experiments were carried out under either AL-FS (i.e., active layer facing FS) 174 
or AL-DS (i.e., active layer facing DS) modes at 1 M or 2 M fertilizer DS concentrations. 175 
Detailed descriptions of FO experiments are available elsewhere [26, 29, 30]. Crossflow 176 
velocities of DS and FS were set at 8.5 cm/s and temperature at 20°C. For FDFO 177 
performance experiments, DI water was utilized as FS with fertilizer DS. In order to 178 
investigate the OMPs transport behaviors in FDFO during AnMBR effluent treatment, prior 179 
to all experiments, 10 μL of OMPs stock solution was spiked into 1 L FS (i.e., AnMBR 180 
effluent) to obtain a final concentration of 10 μg/L each of the three OMPs, giving a total of 181 
30 μg/L [11]. For understanding OMPs transport behavior, average water flux during 182 
FDFO experiments was obtained and compared with OMPs forward flux.   183 
𝐽𝑤,𝑎 = 𝑉𝑝𝐴𝑚𝑡 = 𝑉𝐷𝑓−𝑉𝐷𝑖𝐴𝑚𝑡      (1) 184 
where, 𝐽𝑤,𝑎  is the average flux during AnMBR effluent treatment (L/m2/h), 𝑉𝑝  is the 185 
permeate volume (L), 𝑉𝐷𝑖 is the initial volume of DS (L), 𝑉𝐷𝑓 is the final volume of DS 186 
(L), 𝐴𝑚 is the membrane area (m2), and t is time (h). Mass transfer coefficients were further 187 
obtained to elucidate the FO performance in terms of water flux and physical cleaning 188 
efficiency. Firstly, Reynolds number was determined by Eqn. (2) to see whether the type of 189 
flow in the channel is laminar or turbulent. Then, Schmidt number and hydraulic diameter 190 
(for fully filled rectangular duct) were obtained based on Eqns. (3) and (4), respectively. 191 
By using Reynolds number, Schmidt number and hydraulic diameter, Sherwood number 192 
was calculated as Eqns. (5) or (6) for laminar or turbulent flows in fully filled rectangular 193 
duct, and thus a mass transfer coefficient could be lastly obtained as Eqn. (7). 194 
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𝑅𝑒 = 𝑣𝑑ℎ
𝜐
     (2) 195 
𝑆𝑐 = 𝜐
𝐷
     (3) 196 
𝑑ℎ = 2𝑎𝑏𝑎+𝑏     (4) 197 
𝑆ℎ = 1.85(𝑅𝑒 ∙ 𝑆𝑐 ∙ 𝑑ℎ 𝐿⁄ )0.33     (5) 198 
𝑆ℎ = 0.04𝑅𝑒0.75 ∙ 𝑆𝑐0.33     (6) 199 
𝑘 = 𝑆ℎ∙𝐷
𝑑ℎ
     (7) 200 
where, Re is Reynolds number, Sc is Schmidt number, dh is the hydraulic diameter of the 201 
flow channel (m), Sh is Sherwood number, k is mass transfer coefficient (m/s), 𝜈 is the 202 
average crossflow rate (m/s), a is the width of the flow channel (m), b is the height of the 203 
flow channel (m), D is diffusivity of DS (m2/s), 𝜐 is kinematic viscosity (m2/s), and L is the 204 
length of the flow channel (m). Since draw solution is gradually diluted during FDFO 205 
operation, osmotic pressure difference was reduced during FDFO experiments. To evaluate 206 
the effect of membrane fouling only on flux decline, a baseline test was carried out for 10 h 207 
with DI water as feed solution prior to each experiment and the resulting flux curves were 208 
utilized as a baseline to correct the flux curves obtained [26]. 209 
2.4.3 Physical cleaning 210 
In order to investigate the effect of physical (or hydraulic) cleaning on flux recovery, 211 
two different physical cleaning methods were adopted for all FDFO experiments. Osmotic 212 
backwashing was however investigated only for those experiments conducted under the 213 
AL-DS mode. Physical cleaning consisted of flushing DI water inside the DS and FS 214 
channels at 3 times higher crossflow velocity (25.5 cm/s) for 30 mins. Osmotic 215 
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backwashing was conducted for 30 mins by flushing 1M NaCl solution on the support layer 216 
side of the membrane and DI water on the active layer side (both at 8.5 cm/s crossflow 217 
velocity) in order to provide water flux in reverse direction to the experiment conducted 218 
under AL-DS mode of membrane orientation. After each physical cleaning, baseline FDFO 219 
experiments were conducted using fertilizers DS and DI FS to evaluate the water flux 220 
recovery rate. 221 
2.5 Analytical methods for organic micro-pollutants 222 
OMPs in samples were analyzed following the procedures described in previous 223 
studies [11, 31]. 100 mL samples were prepared and spiked with the corresponding isotopes 224 
(Cambridge Isotope Laboratories, Inc., USA). OMPs samples were first extracted via solid 225 
phase extraction (Dione Autotrace 280 solid-phase extraction instrument and Oasis 226 
cartridges) and then concentrated via evaporation. OMPs concentration was then measured 227 
by liquid chromatography (Agilent Technology 1260 Infinity Liquid Chromatography unit, 228 
USA) connected to mass spectrometry (AB SCIEX QTRAP 5500 mass spectrometer, 229 
Applied Biosystems, USA). OMPs forward flux to DS can be obtained based on mass 230 
balance for OMPs species [32, 33].  231 
As the initial OMPs concentration in DS is zero, OMPs mass balance yields: 232 
𝐶𝑂𝑀𝑃𝑠(𝑉𝐷𝑖 + 𝐽𝑤𝐴𝑚𝑡) = 𝐽𝑂𝑀𝑃𝑠𝐴𝑚𝑡     (8) 233 
where, 𝐶𝑂𝑀𝑃𝑠  is the OMPs concentration in DS (mM/L), 𝐽𝑤  is the measured water flux 234 
(L/m2/h), and 𝐽𝑂𝑀𝑃𝑠 is the OMPs forward flux to DS (mM/m
2/h). For OMPs forward flux, 235 
Eqn. (8) can be modified as: 236 
𝐽𝑂𝑀𝑃𝑠 = 𝐶𝑂𝑀𝑃𝑠(𝑉𝐷𝑖+𝐽𝑤𝐴𝑚𝑡)𝐴𝑚𝑡 = 𝐶𝑂𝑀𝑃𝑠𝑉𝐷𝑓𝐴𝑚𝑡      (9) 237 
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OMPs rejection in FDFO can be calculated by using the permeate concentration, 238 
yielding [34]: 239 
𝑅𝑂𝑀𝑃𝑠 = �1 − 𝐶𝑂𝑀𝑃𝑠𝐶𝑂𝑀𝑃𝑠,𝑓� × 100%     (10) 240 
where, 𝐶𝑂𝑀𝑃𝑠,𝑓 is the OMPs concentration in the FS (mM/L). 241 
2.6 Characterization of the membrane surface 242 
Membrane surface characterization was conducted by collecting membrane coupons 243 
after experiments, soaking them in DI water for a few seconds to remove FS and DS, and 244 
then dried in a desiccator for 1 day. The surface and cross-sectional morphologies of the FO 245 
membrane were observed and analyzed by scanning electron microscopy (SEM, Zeiss 246 
Supra 55VP, Carl Zeiss AG, Germany) and energy dispersive X-ray spectroscopy (EDX) 247 
following the procedures described in a previous study [35]. Samples taken from each 248 
membrane were first lightly coated with Au/Pd and then the SEM imaging was carried out 249 
at an accelerating voltage of 10 kV.  250 
X-Ray diffraction (XRD) (Siemens D5000, USA) analysis was also performed over 251 
Bragg angles ranging from 10° to 60° (Cu Kα, λ=1.54059 Å) to investigate the dominant 252 
species responsible for scaling on the membrane surface.  253 
Contact angles of fouled FO membranes were measured by the sessile drop method 254 
using an optical subsystem (Theta Lite 100) integrated with an image-processing software 255 
following the procedures described in a previous study [36]. Membrane samples were 256 
placed on a platform, and DI water droplets of 10 μL were dropped automatically on the 257 
membrane surface. A real-time camera captured the image of the droplet, and the contact 258 
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angle was estimated by a computer. At least 3 measurements were taken for each 259 
membrane sample and the average value was used.  260 
 261 
3. Results and discussion 262 
3.1 AnMBR effluent treatment by FDFO 263 
3.1.1 Basic FDFO performance: Water flux and reverse salt flux 264 
Three different fertilizers (MAP, DAP and KCl) were selected as DS for this study. 265 
MAP and DAP are composed of the same components (N and P) but have different 266 
thermodynamic properties such as osmotic pressure and diffusivity while KCl has a 267 
different composition but has a similar osmotic pressure with MAP [24]. As shown in 268 
Table 3, MAP exhibited similar water flux with DAP under the AL-FS mode, even though 269 
DAP has higher osmotic pressure. This is due to lower diffusivity of DAP species which 270 
enhances the internal concentration polarization (ICP) effects that lowers the water flux 271 
[26]. However, under the AL-DS mode, DAP exhibited higher water flux than MAP due to 272 
less pronounced effects on ICP [16].  273 
KCl showed a much higher water flux than MAP under all experiments despite 274 
having similar osmotic pressures, which is attributed to the higher diffusivity of KCl that 275 
lowers ICP effects under the AL-FS mode of operation. KCl also shows higher water flux 276 
compared to MAP under the AL-DS mode even though ICP effect should have been 277 
eliminated for both DS since DI water was used as FS in the support layer side of the 278 
membrane. This higher water flux of KCl is related to the higher mass transfer coefficient 279 
(i.e., 1.33 ×  10−5 𝑚/𝑠 and 1.01 × 10−5 𝑚/𝑠 for KCl and MAP, relatively) compared to 280 
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MAP that results in lower dilutive ECP effects. The KCl has higher diffusivity and lower 281 
viscosity compared to the MAP that significantly enhances its mass transfer coefficient 282 
(refer Table S1). The mass transfer coefficient of the draw solute depends on the average 283 
solute diffusivity and solution viscosity, assuming that the other operating conditions were 284 
similar for both KCl and MAP. 285 
The performance of the three fertilizer DS was also investigated in terms of RSF. 286 
KCl showed the highest RSF in all cases probably due to its highest solute diffusivity and 287 
also lower hydrated diameters of both K+ and Cl- species [37]. Interestingly, DAP showed 288 
much higher RSF than MAP even though they have similar components and DAP has 289 
much lower diffusivity as shown in Table 3. This can probably be explained due to the 290 
differences in their species formed in the water with DAP and MAP. Speciation analysis 291 
was carried out for 1 M DAP and 1 M MAP using OLI Stream Analyzer and their data is 292 
presented in Table S2, where the three major species (NH4+, H2PO4- and NH3) are 293 
considered to be of particular interest for comparison. It can be seen that 1 M DAP DS 294 
contains about 1.974 M NH4+ compared to 1.0 M NH4+ for MAP DS. This is one potential 295 
reason why the RSF of NH4+ for DAP was observed to be higher than MAP in Table S2. 296 
Besides, 1 M DAP DS also contains 0.026 M NH3 (in aqueous form) as one of the species 297 
and this uncharged aqueous NH3 being small in molecular size is highly likely to reverse 298 
diffuse through the FO membrane towards the feed further contributing to the RSF value. 299 
This is also probably the main reason why the pH of the FS was observed to increase above 300 
pH 9 when the FO was operated with DAP as DS. Once in the FS, NH3 is expected to 301 
slightly dissociate further to produce NH4+ increasing OH- ions that give the pH rise.  302 
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The RSF of total PO4 ions, however, was observed to be higher for MAP compared 303 
to DAP, which is probably due to the differences in concentrations of H2PO4- species in 304 
their solutions. H2PO4- is one of the major species common to both MAP and DAP and is a 305 
monovalent species. Thus, it is likely to reversely diffuse more compared to other species 306 
which are mostly multivalent. Table S2 shows that 1 M MAP (0.953 M of H2PO4-) has 307 
much higher concentration of H2PO4- than 1 M DAP DS (0.021 M of H2PO4-). This likely 308 
explains why MAP has higher RSF for total PO4 ions compared to DAP as presented in 309 
Table S3.  310 
 311 
Table 3. Water flux and reverse salt flux with different membrane orientation and draw 312 
solution concentration. Experiment conditions of FO experiments: DI water as feed solution; 313 
crossflow rate of 8.5 cm/s; temperature of 20 ± 1°C. 314 
 
AL-FS mode 
(1 M DS) 
AL-FS mode 
(2 M DS) 
AL-DS mode 
(1 M DS) 
MAP DAP KCl MAP DAP KCl MAP DAP KCl 
Water flux 
(L/m2/h) 
7.71 7.64 11.64 9.46 9.19 17.12 14.28 16.18 18.08 
Reverse salt 
flux 
(mmol/m2/h) 
0.68 2.46 6.42 0.64 3.78 12.30 1.03 2.00 11.33 
 315 
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3.1.2 Flux decline during AnMBR effluent treatment by FDFO 316 
FDFO experiments were conducted using AnMBR effluent as FS and the three 317 
fertilizers as DS with flux data are presented as normalized flux in Fig 1. When FDFO 318 
experiments were first carried out at 1 M DS under the AL-FS mode of membrane 319 
orientation, KCl (11.77 L/m2/h) exhibited the highest initial water flux followed by MAP 320 
(7.82 L/m2/h) and DAP (7.33 L/m2/h), shown in Table 4, which is consistent with our 321 
earlier studies [24, 30]. As shown in Fig. 1a, all fertilizers tested did not show any flux 322 
decline during the 10 h of FO operation. Compared to the SEM image of the virgin 323 
membrane surface in Fig. 2a, the SEM images of the FO membrane surfaces after FO 324 
experiments in Fig. 2b and 2c with MAP and KCl appear very similar to the virgin 325 
membrane surface, suggesting that no significant fouling/scaling layer was formed on the 326 
membrane surface. However, results with DAP clearly show the presence of a partial 327 
scaling layer on the membrane surface (Fig. 2d), although no flux decline was also 328 
observed with this fertilizer (Fig. 1a).  329 
 330 
Table 4. Initial water flux and average water flux with different membrane orientation and 331 
draw solution concentration. Experiment conditions of FO experiments: AnMBR effluent 332 
as feed solution; cross-flow rate of 8.5 cm/s; temperature of 20 ± 1°C. 333 
 
AL-FS mode 
(1 M DS) 
AL-FS mode 
(2 M DS) 
AL-DS mode 
(1 M DS) 
MAP DAP KCl MAP DAP KCl MAP DAP KCl 
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Initial water 
flux 
(L/m2/h) 
7.82 7.33 11.77 9.4 9.16 17.62 13.25 12.84 15.64 
Average 
water flux 
(L/m2/h) 
7.58 7.35 11.20 9.23 8.72 16.32 10.48 5.10 9.44 
 334 
335 
 336 
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 337 
Fig. 1. Flux-decline curves obtained during FO experiments (a) under AL-FS mode at 1 M 338 
draw solution, (b) under AL-FS mode at 2 M draw solution, and (c) under AL-DS mode at 339 
1 M draw solution. Experimental conditions of all FO experiments: AnMBR effluent as 340 
feed solution; crossflow velocity of 8.5 cm/s; and temperature of 20 ± 1 °C. 341 
 342 
A closer observation of membrane scales in Fig. 2d reveals that columnar jointing 343 
shaped crystals are formed on the membrane surface for DAP as DS. The deposition of 344 
scaling crystals on the membrane surface is in fact expected to increase the membrane 345 
resistance resulting in the water flux decline, however, such flux decline was not observed 346 
with DAP as DS. This could probably be explained by the membrane surface becoming 347 
more hydrophilic due to the presence of hydrophilic scales on the membrane surface. A 348 
slight decrease in the contact angle of the fouled membrane with DAP compared to virgin 349 
membrane was found, shown in Table 4. By improving its hydrophilicity, the membranes 350 
can exhibit higher water flux due to more favorable transport of water molecules through 351 
improved membrane wetting [38, 39]. Hydrophilic scaling often occurs in the early stage of 352 
the scaling formation [40] which can enhance the transport of water molecules. Any slight 353 
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flux decline from the increased membrane resistance due to partial scale formation on the 354 
membrane surface can thus be offset by the enhanced water flux from the improved 355 
hydrophilicity of the FO membrane surface.   356 
 357 
20 
 
  358 
Fig. 2. SEM images of the active layer of (a) virgin membrane and fouled membrane under 359 
AL-FS mode at (b) MAP 1 M, (c) KCl 1 M, (d) DAP 1 M, (e) MAP 2 M, (f) KCl 2 M and 360 
(g) DAP 2 M, the support layer of (h) virgin membrane and fouled membrane under AL-DS 361 
mode at (i) MAP 1 M, (j) DAP 1 M and (k) KCl 1 M, and the cross-section under 5k X 362 
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magnification of (l) virgin membrane and fouled membrane under AL-DS mode at (m) 363 
MAP 1 M, (n) DAP 1 M and (o) KCl 1 M. 364 
 365 
To investigate the effect of fertilizer concentration, FDFO experiments were 366 
conducted at 2 M DS under the AL-FS mode. By doubling the DS concentrations, the 367 
initial water fluxes in all fertilizers were enhanced, shown in Table 4. Operating the FO 368 
process at higher flux is expected to not only to enhance dilutive ICP but also increase the 369 
permeation drag that could further result in fouling and more severe flux decline [26]. 370 
However, as shown in Fig. 1b, only DAP exhibited a slight flux decline while MAP and 371 
KCl DS did not show any noticeable flux decline. The membrane surface with MAP (Fig. 372 
2e) does not appear to show occurrence of fouling, appearing similar to the virgin 373 
membrane surface (Fig. 2a). On the other hand, the membrane surface with 2 M KCl (Fig. 374 
2f) was partially covered by small crystal-shaped scales, which are likely due to the KCl 375 
from the RSF that formed scales on the membrane surface as the RSF of KCl was quite 376 
significant compared to the other fertilizer DS (Table 3). However, it may be said that the 377 
scale formation due to RSF of KCl may be fairly low and not enough to cause significant 378 
flux decline during the 10 h of FO operation. In the case of DAP DS, about 10 % decline in 379 
water flux is observed, probably because the membrane surface was fully covered by scales 380 
as shown in Fig. 2g. Interestingly, only scaling was observed on the membrane surface 381 
even though AnMBR effluent is a complex mixture including organics, inorganics and 382 
contaminants. This may be because AnMBR effluent has quite low COD (Table 1) due to 383 
high organic removal capability of AnMBR and thus only scaling was formed by the effect 384 
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of RSF. However, it can be expected that, if FDFO is operated in the long term, 385 
biofouling/organic fouling will be a significant problem. 386 
 387 
 388 
 389 
Fig. 3. XRD patterns of virgin and fouled membranes: (a) comparison of XRD peaks 390 
between virgin membrane and fouled membranes with three fertilizer draw soluion, (b) 391 
comparison of XRD peaks between fouled membranes with KCl 2 M and KCl crystal, and 392 
(c) comparison of XRD peaks between fouled membranes with DAP 2 M, magnesium 393 
phosphate, and magnesium ammonium phosphate (struvite). XRD analysis was performed 394 
on the active layer of FO membranes. 395 
 396 
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The scaling layer formed during FDFO experiments with DAP as DS was further 397 
studied by EDX analysis, which indicated the presence of magnesium and phosphorus 398 
elements (Fig. S1). Even though AnMBR effluent contains both Mg2+ and PO43- as listed in 399 
Table 1, only DAP caused magnesium and phosphate related scales. During FDFO 400 
experiments, pH of FS with DAP as DS slightly increased from 8 to 8.8 (Table S3) due to 401 
reverse diffusion of species found in the DAP DS which might have created a more ideal 402 
condition for phosphate precipitation with Ca2+ or Mg2+ cations [41] (e.g. magnesium 403 
phosphate (Mg(H2PO4)2) or magnesium ammonium phosphate (NH4MgPO4•6H2O) 404 
(struvite). Although FS was different, the results from this study are consistent with the 405 
results from our earlier study for brackish water desalination in FDFO [30].  406 
To further identify the composition of the scaling layer, XRD analysis was carried 407 
out on the scaled membrane surface. Fig. 3a showed that the membrane with MAP has 408 
similar XRD peaks to the virgin membrane, indicating that no scaling layer was formed on 409 
the membrane surface. On the other hand, the XRD pattern for the FO membrane surfaces 410 
with KCl and DAP as DS exhibited different peaks than the virgin FO membrane peaks. 411 
XRD analysis confirmed that KCl crystals formed on the membrane surface in Fig. 2f with 412 
KCl as DS (Fig. 3b), and is likely from the reverse diffusion of KCl. Since magnesium and 413 
phosphorous were found from EDX analysis, XRD peaks with DAP were first compared to 414 
reference peaks of magnesium phosphate (Fig. 3c), but the result was not conclusive. The 415 
XRD peaks agreed well when compared to the reference peaks of struvite (Fig. 3c), 416 
indicating that the scaling layer was primarily composed of struvite. This insoluble scaling 417 
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formation can be caused by a combination of pH increase, the presence of Mg2+ in FS and 418 
supply of NH4+ and HPO42- from DS as Eqn. (11) [41]. 419 
HPO42- + Mg2+ + NH4+ + 6H2O → NH4MgPO4•6H2O↓ + H+     (11) 420 
For struvite formation, HPO42- ions should exist in solution, and they can only be 421 
formed under high pH (pKa 7.21). Speciation analysis in Table S2 also shows 0.947 M of 422 
HPO42- ions formed in 1 M DAP (negligible for MAP) which is also likely to reverse 423 
diffuse towards the feed. In addition, a pH increase of FS with DAP as shown in Table S4 424 
provided a more favorable condition for struvite formation [41]. Moreover, higher RSF of 425 
the NH4+ with DAP as DS also created more favorable conditions for struvite scaling.  426 
To investigate the influence of membrane orientation on flux decline, the FDFO 427 
experiments were carried out under AL-DS mode at 1 M DS, with flux results presented in 428 
Fig. 1c. Unlike the AL-FS mode of membrane orientation, the fouling and scaling are 429 
expected to occur inside the membrane support layer as the membrane support layer is in 430 
contact with the feed water. As expected, the initial water fluxes under the AL-DS mode 431 
were significantly higher (shown in Table 4) compared to those in AL-FS mode at the 432 
same concentration since ICP phenomenon became negligible under the AL-DS mode of 433 
membrane orientation [42]. However, the flux decline was observed to become severer with 434 
all the fertilizer DS, with DAP showing the highest flux decline followed by KCl and MAP. 435 
Despite DAP and MAP having similar initial water flux, DAP showed much higher flux 436 
decline compared to MAP. Comparing SEM images in Fig. 2i and 2j, it appears that the 437 
membrane surface of the support layer side with DAP is covered by a slightly higher 438 
amount of scales compared to MAP. However, the surface scaling results alone do not 439 
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appear to be sufficient to explain the significant flux decline observed with DAP. Therefore, 440 
a cross-section of fouled FO membranes was also analyzed to have further insight into 441 
scaling issues inside the membrane inner structure. Fig. 2n shows the presence of a large 442 
amount of small scales inside the support layer with DAP, while the support layer with 443 
MAP (Fig. 2m) was very similar to the virgin membrane (Fig. 2l). Based on these results, it 444 
can be speculated that phosphate precipitates, such as struvite scales, may also be formed 445 
within the pores of the support layer thereby contributing to the severe flux decline.   446 
KCl showed higher flux decline than MAP, which may be explained by its higher 447 
initial water flux that results in a higher permeation drag force and higher concentrative 448 
concentration polarization which enhances the deposition and accumulation of foulants on 449 
the membrane support layer. Although KCl (Fig. 2k) shows a slightly less scale deposition 450 
on the membrane support surface compared to with MAP (Fig. 2i), this is also a possible 451 
reason why KCl had a higher flux decline compared to MAP. Unlike the AL-FS mode of 452 
FO operation, the foulant deposition occurs inside the support layer where the 453 
hydrodynamic crossflow shear is not effective in removing the foulant from the membrane 454 
resulting in a higher flux decline. In addition, Fig. 2o appears to show some form of 455 
inorganic scaling crystals present inside the membrane support layer with KCl as DS, 456 
however, it is not clear whether these crystals were actually insoluble precipitates that 457 
contributed to flux decline or KCl from the DS itself not fully removed before taking the 458 
membrane samples for SEM imaging. K2SO4 being much lower in solubility, is a potential 459 
candidate that can cause scaling with KCl DS when operated at a higher water flux, and 460 
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further aggravated by higher RSF of the KCl that can slightly enhance concentrative ICP on 461 
the support layer side of the FO membrane.  462 
 463 
3.1.3 Influence of physical cleaning on flux recovery  464 
The effectiveness of physical (hydraulic) cleaning on the FO water flux recovery 465 
after AnMBR effluent treatment is presented in Fig. 4a. It was observed that under the AL-466 
FS mode, FO membrane water fluxes were fully recovered for all the fertilizer DS tested, 467 
irrespective of DS concentrations used since high crossflow could induce high shear force 468 
(i.e., Re increased from 491 to 1474 close to turbulent flow). This further supports findings 469 
(Section 3.1.2) that the membrane fouling layer formed on the active layer could be readily 470 
removed by physical hydraulic cleaning. It is interesting to note that the water flux was also 471 
fully recovered for FO membranes subjected to scaling when operated with 2 M DAP as 472 
DS. In order to confirm whether the fouling layer was completely removed, SEM analysis 473 
was carried out using the fouled FO membranes with DAP since membrane fouling was the 474 
severest with this DS. Fig. S2a and S2b show that the scaling layer was almost fully 475 
removed by physical washing. Results of contact angle analysis were also consistent with 476 
the SEM analysis. After physical cleaning, contact angles of cleaned FO membrane 477 
surfaces with all fertilizers under AL-FS mode were almost restored, shown in Table S5. 478 
The water fluxes could not be fully recovered after physical cleaning for the FO 479 
membranes operated under the AL-DS mode, where MAP and KCl showed >90% recovery 480 
while DAP was only about 25%. However, it is interesting to note that physical cleaning 481 
was effective to restore the water flux by more than 90% for KCl and MAP DS despite the 482 
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fact that the fouling is expected to occur inside the support layer side of the FO membrane 483 
which is unaffected by the crossflow velocity shear. This may be related to the structure of 484 
the FO membrane where it is apparent that CTA FO membranes do not have a distinct 485 
support layer and active layer unlike the TFC FO membranes [43]. The woven backing 486 
fabric generally considered as a support layer for the CTA FO membrane is in fact 487 
embedded within the cellulose triacetate layer which is the active rejection layer, thereby 488 
giving a FO membrane without a distinct porous support layer. This is also the main reason 489 
why CTA FO membranes do not have a significant FO pure water flux difference when 490 
operated under AL-FS or AL-DS modes of membrane orientations, unlike TFC FO 491 
membranes where pure water fluxes under the AL-DS mode is significantly higher [43, 44]. 492 
Therefore, it is apparent that physical cleaning was quite effective in removing the foulant 493 
deposited on the support layer side of the CTA FO membrane although it was not as 494 
effective in cleaning the active layer side of the FO membrane.  495 
The poor flux recovery rate of FO membranes operated with DAP DS shows that 496 
hydraulic cleaning was not effective in removing the membrane foulant and scales formed 497 
on the support layer (Fig. S2c) as well as on the surface (Fig. S2e). While it is expected that 498 
some of the foulants and scales deposited on the surface of the support layer are removed 499 
by physical cleaning, those formed inside the support layer are not influenced by the 500 
crossflow. Besides, struvite is only sparingly soluble in DI water under neutral and alkaline 501 
conditions thereby rendering the physical washing ineffective for FO membrane operated 502 
with DAP DS. 503 
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In order to enhance the cleaning efficiency for FO membranes operated under the 504 
AL-DS mode, osmotic backwashing was investigated for fouled FO membranes using DI 505 
water on the active layer and 1 M NaCl on the support layer side at the same crossflow 506 
velocity (i.e., 8.5 cm/s for 30 mins). Fig. 4b shows that water flux recovery after osmotic 507 
backwashing was not significantly better than physical cleaning for MAP and KCl and 508 
hence still did not result in 100% flux recovery. Interestingly, the FO water flux with DAP 509 
was restored to about 80%, indicating that osmotic backwashing was effective in removing 510 
the foulants and scales deposited inside the FO support layer, shown in Fig. S2f. During 511 
osmotic backwashing, the water flux is reversed and the permeation drag force occurs from 512 
the active layer side to the support layer side of the FO membranes. This mode of cleaning 513 
is expected to partially remove the foulants and scales present in the pores and remove 514 
them out of the membrane support layer. It should be noted that the use of NaCl salt 515 
solution as a cleaning agent might induce other phenomena such as changing the structure 516 
of the cross-linked gel layer on the membrane surface by an ion exchange reaction which 517 
can break up calcium-foulant bonds when the fouling layer is exposed to the salt solution 518 
[45-47]. Similarly, DS with 1 M NaCl might affect struvite dissolution through an ion 519 
exchange reaction. As a result, osmotic backwashing was a more effective cleaning method 520 
than physical washing to remove the scales present within the support layer. 521 
 522 
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         523 
Fig. 4. Water flux recovery after (a) physical washing and (b) osmotic backwashing. 524 
Experimental conditions for physical washing: DI water as feed and draw solutions; 525 
crossflow velocity of 25.5 cm/s; cleaning duration of 30 min; and temperature of 20 ± 1 °C. 526 
Experimental conditions for osmotic backwashing: 1M NaCl as feed solution; DI water as 527 
draw solution; crossflow velocity of 8.5 cm/s; cleaning duration of 30 min; and temperature 528 
of 20 ± 1 °C. 529 
 530 
3.2 Influence of fertilizer DS properties on OMPs transport  531 
During FDFO operations using AnMBR effluent treatment, OMPs transport 532 
behavior was also studied by measuring the OMPs forward flux, presented in Fig 5. It is 533 
clear from Fig. 5(a) that the highest OMPs flux was observed with KCl as DS, except for 534 
Atenolol where the OMPs fluxes were fairly similar with all the three fertilizer DS, while 535 
the OMPs fluxes for MAP and DAP were comparable. For the three OMPs tested, the 536 
highest flux was observed for Caffeine, closely followed by Atrazine, and Atenolol 537 
showing the lowest flux with all the fertilizer DS. Since a higher flux relates to a lower 538 
OMPs rejection rate by the FO membrane, a lower OMPs flux is desirable for FDFO. The 539 
specific OMPs permeate concentrations and their rejection rates by the FO membrane are 540 
presented in Table 5.  541 
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The higher OMPs flux for KCl compared to MAP and DAP may be explained by 542 
the higher average FO water flux of KCl (11.2 L/m2/h in Table 4) compared to MAP (7.58 543 
L/m2/h) and DAP (7.35 L/m2/h) DS. The average water flux in this particular case was 544 
calculated by dividing the total volume of FO permeate that crossed the FO membrane from 545 
the feed to the DS tank, divided by the effective membrane area and the duration of the FO 546 
operation in the batch process. In any salt-rejecting membrane processes, external 547 
concentration polarization (ECP) plays an important role in determining the forward salt 548 
flux and rejection rates [48]. At higher water fluxes, salt concentration at the membrane 549 
surface increases due to enhanced concentrative ECP (under the AL-FS mode) and thus 550 
increases the forward salt flux through the membrane. MAP and DAP have comparable 551 
average water fluxes under the AL-FS mode at 1 M concentration (Table 4) which 552 
contributes to almost similar concentrative ECP and hence resulting in comparable OMPs 553 
fluxes. Generally, the rejection rate in FO is higher than that in the RO process, where 554 
previous studies have linked this to a probable hindrance effect of RSF on the forward 555 
transport [15]. Based on this assumption, KCl with the highest RSF is expected to have 556 
lower OMPs forward flux compared to MAP and DAP that have significantly lower RSF. 557 
Although the water fluxes of the MAP and DAP fertilizer DS are similar (Table 4), the 558 
RSF of DAP is significantly higher than MAP while their OMPs forward fluxes are 559 
observed to be similar. These results suggest that the effect of ECP by permeation drag 560 
force is more significant than the hindrance effect by RSF, which is consistent with a 561 
previous study [33].  For instance, if certain DS has higher water flux as well as higher RSF 562 
than others, rejection rates can be seriously reduced even though high RSF has a potential 563 
impact on enhancing a rejection propensity.  564 
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 565 
 566 
Fig. 5. Comparison of OMPs forward flux in FDFO between MAP, DAP and KCl: (a) 567 
under AL-FS mode at 1 M draw solution, (b) under AL-FS mode at 2 M draw solution, and 568 
(c) under AL-DS mode at 1 M draw solution. The error bars represent the standard 569 
deviation from duplicate measurements. Experimental conditions for OMPs transport 570 
behaviors: AnMBR effluent with 10 μg/L OMPs as feed solution; crossflow velocity of 8.5 571 
cm/s; 10 h operation; and temperature of 20 ± 1 °C. 572 
 573 
  574 
32 
 
Table 5. Permeate OMPs concentration and OMPs rejection with different membrane 575 
orientation and draw solution concentration. Experimental conditions for OMPs transport 576 
behaviors: AnMBR effluent with 10 μg/L OMPs as feed solution; crossflow velocity of 8.5 577 
cm/s; 10 h operation; and temperature of 20 ± 1 °C. 578 
 
AL-FS mode 
(1 M DS) 
AL-FS mode 
(2 M DS) 
AL-DS mode 
(1 M DS) 
MAP DAP KCl MAP DAP KCl MAP DAP KCl 
Pe
rm
ea
te
 
co
nc
en
tr
at
io
n 
(μ
g/
L
) 
Caffeine 0.47 0.41 0.59 0.45 0.39 0.65 0.94 0.25 0.82 
Atenolol 0.05 0.07 0.05 0.03 0.04 0.03 0.23 0.08 0.09 
Atrazine 0.34 0.36 0.49 0.51 0.29 0.67 0.78 0.20 0.59 
Total 0.85 0.85 1.13 0.99 0.72 1.36 1.94 0.53 1.50 
R
ej
ec
tio
n 
(%
) Caffeine 95.3 95.9 94.1 95.5 96.1 93.5 90.6 97.5 91.8 
Atenolol 99.5 99.3 99.5 99.7 99.6 99.7 97.7 99.2 99.1 
Atrazine 96.6 96.4 95.1 94.9 97.1 93.3 92.2 98.0 94.1 
Total 97.2 97.2 96.2 96.7 97.6 95.5 93.5 98.2 95.0 
 579 
The OMPs transport behavior is also significantly affected by OMPs properties (i.e., 580 
molecular weight, surface charge, and surface hydrophobicity). In both RO and FO, OMPs 581 
molecular weights have a significant impact on OMPs transport behavior by the steric 582 
hindrance that depends on the mean effective pore size of the membrane used [15, 49]. In 583 
addition, the surface charges of the OMPs also significantly affect the OMPs transport 584 
behavior by electric repulsion with membranes that contain surface charges [34]. 585 
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Furthermore, rejection of OMPs with hydrophobic properties can be enhanced by 586 
hydrophobic-hydrophilic repulsion when using hydrophilic membranes [50].  587 
In this study, Atenolol showed the lowest OMPs flux and therefore the highest 588 
rejection rates (> 99%) followed by Atrazine (95-96.5%) and Caffeine (94-96%), giving a 589 
total OMPs rejection rate between 96-97% for the three fertilizer DS. The highest rejection 590 
rate for Atenolol is likely because it has the largest molecular weight compared to the other 591 
two OMPs. The forward OMPs flux is a function of the molecular weight (shown in Fig. 6) 592 
where the linear decrease in the rejection rate observed with the increase in the molecular 593 
weight is consistent with other studies [13, 14, 49]. High molecular weight OMPs can be 594 
more easily rejected by FO membranes through steric hindrance [49]. In addition to 595 
molecular weight, the surface charge of OMPs may also have an influence on OMPs 596 
transport behavior. Table 2 presents that atenolol is positively charged while atrazine and 597 
caffeine are neutral. Thus, atenolol has much higher hydrated molecular dimension as well 598 
as higher molecular weight itself compared to uncharged OMPs (i.e., atrazine and caffeine). 599 
Since CTA membrane is relatively uncharged under the conditions tested in this study, 600 
these results indicate that the steric hindrance by the FO membrane is likely the dominant 601 
rejection mechanisms affecting OMPs transport behavior.  602 
 603 
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 604 
Fig. 6. Relationship of molecular weights of OMPs with OMPs flux and rejection, 605 
respectively. 606 
 607 
Table 5 shows the OMPs concentrations measured in the FO permeate. These 608 
results indicate that the individual OMP concentrations in the permeate is consistently 609 
lower than 1 μg/L for all three fertilizers as DS, under conditions applied in this study. This 610 
concentration is well within the permissible limit for irrigation where the maximum 611 
allowable concentration is 1 μg/L [7]. However, since we considered only three OMPs 612 
despite many types of OMPs, more investigation is required by operating the AnMBR-613 
FDFO hybrid system continuously. 614 
 615 
3.3 Influence of DS concentration on OMPs transport  616 
In order to investigate the influence of fertilizer DS concentration on OMPs 617 
transport, FDFO OMPs flux data for 1 M (Fig. 5a) DS concentration is compared with the 618 
2 M (Fig. 5b) DS concentrations under the AL-FS mode. The total OMPs forward flux for 619 
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MAP and KCl increased slightly at higher DS concentration (2 M), which is likely due to 620 
the enhanced concentrative ECP as their average water fluxes at 2 M is higher than 1 M DS 621 
concentrations. However, the same trend did not apply to DAP as its total OMPs forward 622 
flux rather decreased at 2 M compared to 1 M although the average water flux increased 623 
from 7.35 L/m2/h to 8.72 L/m2/h (Table 4). This unexpected behavior is likely due to 624 
membrane fouling, where about 10% flux decline was observed with 2 M DAP as DS and 625 
not observed with 1 M DAP as DS. When the fouling layer is formed on the membrane 626 
surface, it alters the surface properties and hence the solute rejection properties depending 627 
on the severity and type of fouling layer formed [51, 52]. In a colloidal fouling, for example, 628 
a porous fouling layer induces cake-enhanced concentration polarization (CECP) and 629 
accelerates feed salt permeability [52]. In organic fouling, however, a non-porous and 630 
dense fouling layer leads to cake-reduced concentration polarization (CRCP) which reduces 631 
salt permeability and hence improves salt rejection [51]. With 2 M DAP as DS, the non-632 
porous, thick and dense fouling layer was formed (shown in Fig. 2g) where both scaling 633 
and organic fouling could have likely caused a CRCP effect resulting in lower OMPs 634 
forward flux. In terms of OMPs rejection rates in Table 5, increasing DS concentration 635 
under AL-FS mode lowers the OMPs rejection rates for all the fertilizer DS due to 636 
enhanced water flux that enhances concentrative ECP.  637 
 638 
3.4 Influence of FO membrane orientation on OMPs transport  639 
OMPs forward flux with MAP as DS was significantly enhanced when operated 640 
under the AL-DS mode of membrane orientation (Fig 5c), compared to the AL-FS mode 641 
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(Fig 5a). Similarly, OMPs forward flux increased with KCl as DS although the increase 642 
was not as high as with MAP. Interestingly, the OMP flux significantly decreased with 643 
DAP as DS. These phenomena may be likely due to the concentrative ICP effect and 644 
fouling occurring inside the membrane support layer.  645 
The water flux for 1 M MAP under the AL-DS mode was 10.5 L/m2/h, higher than 646 
under the AL-FS mode (7.6 L/m2/h). This higher water flux enhances the concentrative ICP 647 
thereby likely increasing the OMPs concentration at the membrane and hence its flux 648 
through the FO membrane [34]. Under the AL-DS mode, the water fluxes are generally 649 
higher due to higher effective concentration difference across the membrane active layer 650 
[42]. As per earlier observations (Fig 4a), a slight membrane fouling had occurred with 1 651 
M MAP under the AL-DS mode of membrane orientation, where the water flux was not 652 
fully recovered by physical cleaning. As this fouling likely occurred inside the support 653 
layer side of the FO membrane, the deposited foulant or cake layer could reduce back-654 
diffusion of the OMPs thereby likely contributing to enhanced OMPs flux.  655 
The average water flux for KCl under the AL-DS mode (9.44 L/m2/h) was lower 656 
compared to the AL-FS mode (11.2 L/m2/h), however, the OMPs forward flux increased 657 
under the AL-DS mode. This phenomenon can be elucidated due to the combined effects of 658 
enhanced concentrative ICP and fouling inside the FO membrane support layer. Under the 659 
AL-DS mode of membrane orientation, foulants can be easily deposited inside the 660 
membrane support layer due to high initial permeation drag force since KCl had a much 661 
higher initial water flux (15.6 L/m2/h in Table 4) although the average water flux decreased 662 
to around 9.4 L/m2/h during the period of operation. This increased fouling inside FO 663 
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membrane support layer not only lowers water flux but also can potentially prevent back-664 
diffusion of OMPs to the feed side, similar to the observation with MAP, thereby 665 
increasing its flux through the FO membrane. This phenomenon as outlined is 666 
schematically presented in Fig. 7a. 667 
The decrease in the OMPs flux with DAP under the AL-DS mode of membrane 668 
orientation is likely due to the combination of a much reduced average water flux compared 669 
to under the AL-FS mode. This reduction in average water flux might induce the decrease 670 
in OMPs flux by mitigating concentrative ICP. Moreover, the severe flux decline observed 671 
with DAP under the AL-DS mode is probably due to both struvite scaling and organic 672 
fouling, which may reduce the membrane porosity and pore size thus likely reducing the 673 
mass transfer of the OMPs and increasing the OMPs solute rejection by size exclusion [53] 674 
and hence decreasing the OMPs flux as explained in Fig. 7b.  675 
 676 
 677 
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Fig. 7. Schematic description of OMPs transport mechanisms under AL-DS mode: (a) 678 
MAP and KCl, and (b) DAP. 679 
 680 
4. Conclusions 681 
In this study, fouling behavior in FDFO was systematically investigated using three 682 
different fertilizer DS and included OMPs transport behavior during AnMBR effluent 683 
treatment. The primary findings from this study are summarized as follows:  684 
• Under the AL-FS mode of membrane orientation, water flux with FDFO did not 685 
decline significantly due to the hydrophilicity of the scaling layer, even though 686 
severe scaling occurred when DAP fertilizer was used as DS. 687 
• Under the AL-DS mode, DAP fertilizer DS showed the highest flux decline 688 
followed by KCl and MAP, where scaling was observed within the support layer 689 
pores when DAP fertilizer was used as DS. 690 
• Physical/hydraulic cleaning successfully recovered water flux for the FO 691 
membranes operated under the AL-FS mode of membrane orientation. However, for 692 
the membranes operated under AL-DS mode, the flux was not fully recovered as the 693 
fouling and scaling occurred inside the support layer. Osmotic backwashing 694 
significantly enhanced the cleaning efficiency and flux recovery for FO membranes 695 
operated under the AL-DS mode. 696 
• During the AnMBR effluent treatment by FDFO, DAP fertilizer DS exhibited the 697 
lowest OMPs forward flux (or the highest OMPs removal of up to 99%) compared 698 
to MAP and KCl fertilizers as DS. The higher OMPs flux resulted in higher water 699 
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flux that enhanced concentrative ECP on the membrane active surface and no 700 
significant influence of reverse solute flux was observed on the OMPs flux. 701 
Findings from this study have significant implications for optimizing FDFO in terms of 702 
AnMBR effluent treatment and OMPs rejection. The trade-off between getting high 703 
dilution of draw solution (i.e., high water flux and low flux decline) and enhancing OMPs 704 
rejection (i.e., low OMPs forward flux) should be considered in FDFO design and 705 
optimization. 706 
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